■ INTRODUCTION
There is considerable interest in actinide chemistry, although the radioactivity of most actinides (except Th and U) has limited their study to dedicated laboratories. As a consequence, actinide chemistry in the gas phase, in particular, where fundamental actinide chemistry can be studied absent solvent effects, is still largely in its infancy. To date, most experimental work has dealt with oxidation 1−9 and hydrocarbon activation reactions.
10−18 The dearth of experimental work has led to increased theoretical studies of actinides in the gas phase. 17,19−29 Although the use of theoretical methods to study actinide systems mitigates safety concerns, the limited experimental data leaves few benchmarks to which theoretical methods can be compared. Several examples of discrepancies (real or apparent) between experimental results and theoretical methods can be found in the literature. [24] [25] [26] 30 Some of these discrepancies can be traced to errors in the experimental work; 26 others appear to be method or basis set related.
24, 25, 30 In order to provide experimental benchmarks for comparison to theoretical work, Heaven and collaborators have recently studied several simple Th and U molecules spectroscopically, as summarized in ref 31 . In our group, we have used guided ion beam tandem mass spectrometry to study the reaction of Th + + CH 4 , which leads to thermodynamic bond dissociation energies (BDEs) for several species. 30 A simple actinide system that can be studied in detail both experimentally and theoretically is the reaction with H 2 and its isotopic analogues. This system is of interest, in part, because it provides the simplest example of covalent bond activation by metal cations, and deuterium labeling provides experimental insight into the reaction mechanism. Periodic trends in this chemistry are also of interest as the M + + H 2 reaction has been extensively studied for first-row, 32−39 second-row, 36,39−41 and third-row 42−46 transition metals. Because all the lanthanides (Ln) can be studied without radioactivity concerns (with the exception of Pr where all known isotopes are radioactive), they can be considered model systems to shed light on the analogous actinide systems. Of the lanthanides and actinides, only the reactions of La + , Yb + , Lu + + H 2 , and U + + D 2 have been studied experimentally. 10, 39, 47, 48 LnH + formation has also been observed in reactions of many Ln 2+ with alkanes and alkenes, as studied using ion cyclotron resonance (ICR) mass spectrometry. 49 30 Here we report the absolute cross sections as a function of kinetic energy for the reactions of H 2 , D 2 , and HD with Th + . Analysis of these cross sections allows determination of D 0 (Th + −H). Theoretical calculations of ThH + and ThH 2 + are also performed to assign electronic states and explore possible reaction mechanisms.
■ EXPERIMENTAL AND THEORETICAL METHODS
Instrument. The guided ion beam tandem mass spectrometer used in this study has been described in detail previously. 50 Briefly, thorium ions are created using a direct current discharge/flow tube source (DC/FT) 51 described in further detail below. Ions are extracted and focused through a magnetic momentum analyzer where the 232 Th + beam is mass selected before being decelerated to a well-defined kinetic energy. The Th + beam is then focused into a radio frequency (rf) octopole guide that traps ions radially. 52, 53 This octopole passes through a static pressure gas cell that contains the neutral gas reactant. To ensure that the probability of multiple collisions is sufficiently small, pressures are kept low (0.05− 0.40 mTorr). Reactions were repeated at several pressures to ensure that the reported cross sections are independent of neutral gas pressure. After the collision cell, product ions and remaining reactant ions drift to the end of the octopole where they are extracted, focused through a quadrupole mass filter for mass analysis, and counted using a Daly detector. 54 Reaction cross sections are calculated from product ion intensities relative to reactant ion intensities after correcting for background ion intensities after the neutral gas is no longer directed into the gas cell. 55 Uncertainties in the calculated absolute cross section are estimated to be ±20%, with relative uncertainties of ±5%.
Laboratory ion energies (lab) are converted to the center-ofmass frame (CM) using the relationship E CM = E lab × m/(m + M) where m and M are the masses of the neutral and ionic reactants, respectively. Cross sections are known to be broadened by the kinetic energy distribution of the reactant ions and the thermal (300 K) motion of the neutral reactant. 56 The absolute zero of energy and the full width at half-maximum (fwhm) of the ion beam are determined by using the octopole guide as a retarding potential analyzer. 55 Typical fwhms of the energy distribution for these experiments were 0.4−0.8 eV (lab). Uncertainties in the absolute energy scale are 0.1 eV (lab). All energies reported below are in the CM frame.
Ion Source. The DC/FT source is described in detail elsewhere. 51 A cathode, held at 2.5 kV and containing a thorium powder sample, creates an electric field that ionizes Ar from the carrier gas. Ar cations collide with the thorium sample such that Th + sputters off the cathode. Ions are swept into a 1 m long flow tube by a 9:1 mixture of He/Ar at a total pressure of 0.2−0.5 Torr. The ions undergo ∼10 5 collisions with the flow gases, which should thermalize them. No evidence of excited states is evident in the reaction cross sections presented below nor in our previous work on Th + + CH 4 . 30 Previous experiments have indicated that atomic ions generated in the DC/FT may have internal electronic temperatures between 300 and 1100 K. 41,57−60 A population analysis at 300 K indicates that 99.89% of Th + is in its ground level ( 4 F 3/2 , 6d 2 7s), whereas at 1100 K, 76% is in the ground level. 30 Conservatively, we estimate the internal temperature distribution of Th + as 700 ± 400 K, such that the internal energy of the reactant ions is 0.02 ± 0.03 eV.
Data Analysis. The kinetic energy dependence of endothermic reactions is modeled using eq 1 61−63
where σ 0 is an energy independent scaling factor, E is the relative kinetic energy of the reactants, E i is the internal energy of the reactant states (electronic for Th + and rotational for H 2 , D 2 , and HD) having populations g i (∑g i = 1), n is an adjustable parameter, and E 0 is the 0 K reaction threshold. Before comparison to the data, eq 1 is convoluted over the kinetic energy distributions of the reactants, and the σ 0 , n, and E 0 parameters are optimized using a nonlinear least-squares method to best reproduce the experimental cross section.
Uncertainties in E 0 are calculated from the threshold values from several independent data sets (minimum of two for each system) and combined with the absolute uncertainties in the kinetic energy scale (<0.002 eV) and internal energies of reactant ions (0.02 ± 0.03 eV). Thresholds are used to determine the bond dissociation energy (BDE), D 0 (Th + −H), using eq 2 and its isotopic analogues. 70 atomic natural orbital basis sets designed for use with the MWB (ANO-VQZ-MWB) 70 and MDF (ANO-VQZ-MDF) 66 ECPs, and correlation consistent cc-pVTZ-MDF, ccpVQZ-MDF, and cc-pwCVTZ-MDF (which includes core− valence correlation) basis sets 65 with the MDF ECP. Pople 6-311+G(3p), cc-pVTZ, and cc-pVQZ basis sets 67 are also used for H. Additionally, BDEs are calculated using single point energies utilizing the all-electron variants of cc-pVXZ (ccpVXZ-DK3) and cc-pwCVXZ (cc-pwCVXZ-DK3) basis sets (where X = T or Q) and B3LYP/cc-pwCVQZ-MDF/aug-ccpVQZ optimized structures. These latter calculations are performed using the second order Douglas−Kroll−Hess Hamiltonian (DK2). 71−76 Of note is that the all-electron basis sets were formulated for use with a third order Douglas− Kroll−Hess Hamiltonian (DK3), but the DK3 calculations cannot be performed presently in the current setup. Use of the DK2 may lead to errors, but we anticipate that these errors should be small. 77 Extrapolation to the complete basis set limit (CBS) is performed using the Karton−Martin method, 65,78 eq 3, proposed for the HF energies with the TZ (X = 3) and QZ (X = 4) energies:
For CCSD(T) calculations, eq 4 65, 79, 80 is used to extrapolate the correlation energy:
The calculations utilize the density functional theory (DFT) methods B3LYP, B3PW91, BHandHLYP (BHLYP), M06, and PBE0. Of these functionals, B3LYP has been shown to perform 30 Additionally, a coupled cluster method that mixes single and double excitations with perturbative triple excitations (CCSD(T)) was used for single point calculations using the B3LYP optimized structures. For CCSD(T) electron correlation calculations, the 5s and 5p electrons are frozen. All calculations are open-shell and unrestricted, and all energies discussed below are corrected by the zero point energy using the frequencies generated for their respective optimized structure after scaling by 0.989. 82 Representative energies (and zero point energies) from B3LYP/cc-pwCVQZ-MDF/aug-cc-pVQZ calculations are listed in Table S1 
The kinetic energy dependent cross section for reaction 5 can be found in Figure 1 with the analogous deuterium cross section in Figure 2 . Reactions 5 and 6 have apparent thresholds near 2 eV with the cross sections peaking near D 0 (H−H) = 4.478 eV and D 0 (D−D) = 4.556 eV. 83 Above these energies, the cross sections decrease because the ThH + and ThD + products can dissociate leading to Th + + 2H (2D). The mass resolution settings in the quadrupole for both the H 2 and D 2 (as well as HD) reactions were constant. Resolution was held as low as possible to ensure efficient product collection, such that the product ion peaks overlap with the reactant ion peak, with the overlap being worse for ThH + than ThD + , which explains why the H 2 data is somewhat noisier. In the present case, the magnitude at the maximum ThH + cross section, Figure 1 , is 1.2 times that for ThD + , Figure 2 . This is within the estimated absolute cross section uncertainty (±20%) indicating that the resolution settings are adequate for accurately measuring the product ion intensities.
Th + + HD. Reaction of Th + with HD yields products according to reactions 7 and 8.
The cross sections measured for these reactions are shown in 83 At energies somewhat above the apparent thresholds, ThH + is found to be the dominant product by a 2:1 ratio. The magnitude of the total cross section, Figure 3 , is 0.8 times the magnitude of the cross section for reaction 6, Figure 2 , also within experimental uncertainty.
Thermochemical Results. The fitting parameters from eq 1 used to model the cross sections in reactions 5−8 can be 63, 84 Because the model of eq 1 explicitly accounts for the internal energy of all reactants, the E 0 values reported in Table 1 For all metals, the branching ratio increasingly favors MH + + D formation at energies above D 0 (H−D) = 4.51 eV. This trend has been explained previously, 32 and is a consequence of the heavier D atom's ability to carry away more energy than the lighter H atom. With the exception of M06 and B3LYP, which prefer the 2 F state, all levels of theory correctly predict a 2 D ground state. Furthermore, BHLYP, B3PW91, and PBE0 correctly predict the ordering of all states. However, for these approaches, the spacing between states is smaller than that observed experimentally (particularly so for B3PW91). Although CCSD-(T) incorrectly places the 4 F states were calculated using the all-electron ccpwCVQZ-DK3 basis set for Th + and are also listed in Table 2 . (M06 calculations did not converge and are not included here.) These results are similar to cc-pwCVQZ-MDF values.
Spin−Orbit Energy Corrections. Typically, theoretical BDEs correspond to a value that has been averaged over all spin−orbit states whereas experimental 0 K BDEs correspond to dissociation from the lowest levels of the molecule to its fragments. In order to make a more valid comparison between experimental and theoretical values, spin−orbit effects, which are quite large for Th + , must be explicitly accounted for. Here we employ a semiempirical approach to estimate the spin−orbit effects in the ThH + system. This approach has been used successfully to estimate spin−orbit effects in third-row transition metal systems and another Th + system.
30,90−93
These corrections require that the Th + + H asymptote be lowered by the empirical difference between the ground level of Th + and the ground state energy averaged over all spin−orbit levels. A nuance of the Th + system is that the experimental ground state is 2 D (6d7s 2 ) whereas the ground level is 4 F 3/2 (6d 2 7s). 30 This allows two possible approaches for correcting BDEs. The first is to assume that the theoretical BDE is robust along the diabatic dissociation surface. This necessitates that the BDE must be referenced to its diabatic asymptote and corrected by the empirical difference in energy between the 4 F 3/2 ground level and the average energy of the respective state, 0.46 eV for In addition to the spin−orbit correction to the asymptote, the BDE should also be corrected for the spin−orbit splitting of ThH + when applicable. 30,90−93 To do so, we assume that the spin−orbit splitting energy is given by eq 9:
Here A is the spin−orbit splitting constant, Λ is the orbital angular momentum quantum number, and M S is the spin quantum number associated with a particular level Ω = Λ + M S . 94 E SO is also equal to the summation ∑a i i ·s i , where i ·s i is the dot product of the orbital angular momentum and the spin of electron i and a i is the spin−orbit parameter, which can be represented by the atomic spin−orbit parameter for the 6d c Significant spin contamination, s(s+1) ∼ 1.5, except for M06 (see Table S2 ). d Significant spin contamination, s(s+1) ∼ 1.1. 
30
These results do not include corrections for spin−orbit energy. When spin−orbit effects were included, the ground level was 3 Δ 1 at all levels of theory studied. 30 The present work finds similar results to the previous reports. In order to compare theoretical results more readily to experimental values, spin−orbit effects are estimated using eq 9. These results are summarized in Table 3 3 Φ 4 , respectively. Once these spin−orbit corrections have been applied, the ground level is predicted to be 3 Δ 1 (by 0.13−0.69 eV) for all levels of theory except M06 which predicts that the 1 Σ + is 0.10 eV lower in energy. This trend is also reflected in the calculations using additional basis sets, Table S3 in the Supporting Information. The 3 Δ state has a 1σ 2 2σ1δ electron configuration. A natural bond orbital analysis (NBO) performed using CCSD(T) indicates that the 1σ bonding orbital comprises the H 1s-orbital and a sd-hybridized orbital that also contains some fcharacter (70% 6d, 20% 7s, 10% 5f). The nonbonding 2σ-orbital comprises mostly the Th + 7s-orbital (75%) with some 6d-character (20%). The nonbonding 1δ-orbital is composed entirely of the Th + 6dδ-orbital. Δ with an NBO analysis using CCSD(T) indicating that the 1σ bonding interaction occurs between the H 1s and an orbital on Th + having 75% 6d, 15% 7s, and 10% 5f character, whereas the nonbonding 2σ-orbital has 85% 7s and 15% 6d. states, a definitive determination of the true ground state is difficult. Consequently, the calculated BDEs of both states can be found in Table S6 in the Supporting Information. (Table S6 also contains values uncorrected for spin−orbit splitting and for additional basis sets.) In general, the ground state BDEs overestimate the experimental bond strength by 0.2−0.5 eV with CCSD(T) (2.71 eV), BHLYP (2.75 eV), and M06 (2.73 eV) values being in closest agreement to experiment when using the cc-pwCVQZ-MDF/aug-cc-pVQZ basis sets. Notably, spin−orbit corrections yield better results in all cases, Table S6 .
The DFT cc-pwCVQZ-MDF/aug-cc-pVQZ results listed in Table 4 are typical of the DFT results regardless of the basis set combination; however, CCSD(T) calculations vary appreciably. Among the basis sets that utilize an ECP, the smallest basis set, CCSD(T)/SDD-VDZ-MWB/6-311+G(3p), reproduces D 0 (Th + −H) within experimental uncertainty, and the larger CCSD(T)/Seg. SDD-VQZ-MWB/6-311+G(3p) and CCSD-(T)/ANO-VQZ-MWB/6-311+G(3p) results are just outside of experimental uncertainty. Meanwhile the use of a similarly sized CCSD(T)/ANO-VQZ-MDF/6-311+G(3p) basis set with the fully relativistic basis set (MDF) leads to results that overestimate the bond strength considerably for both states. This substantial deviation is not understood but suggests that this basis set may not be well-optimized for Th
+ . An extrapolation to the complete basis set limit using the ccpwCVXZ-MDF (X= T, Q) basis sets leads to CCSD(T)/CBScc-pwCVXZ-MDF results similar to CCSD(T)/cc-pwCVQZ -MDF/aug-cc-pVQZ results. The BDEs of the CBS limit for the all-electron basis sets (CBS-cc-pwCVXZ-DK3) are 0−0.11 eV lower than their counterparts that utilize the MDF ECP (CBS-cc-pwCVXZ-DK3).
Fully Relativistic Calculations on ThH + . To investigate the role of second order spin−orbit effects on the ordering of the 3 Δ 1 and 1 Σ + , fully relativistic Dirac Hartree−Fock calculations are performed where the spin-orbitals are generated using the average-of-configuration SCF approach, and all states are projected out with a full CI in this spin-orbital space. These calculations are performed with the DIRAC14 code 95 using an uncontracted Dyall basis set for thorium 96 and an uncontracted Dunning basis set for hydrogen. 67 The standard finite nucleus model of the DIRAC14 code is used, and all two-electron integrals including the Gaunt interaction 97 responsible for the spin-other-orbit interaction are included in the calculations. Two different orbital configuration spaces are utilized, with one large space representing the Th 5f, 6d, 7s, and H 1s and a second small space with 8 spin-orbitals that describe 17 spin−orbit split states including the lowest levels for Δ 3 states obtained from these calculations are −0.14, 0.00, and 0.20 eV for the large configuration space and −0.13, 0.00, and 0.19 eV for the small space, respectively. Here the 3 Δ 2 is defined as zero to allow for a direct comparison with the results obtained from eq 9. The relative energies show that the second order effects are relatively small, on the order of 0.02−0.03 eV. In both configuration spaces used, the 3 Δ 1 state is the ground state with the 1 Σ + state 0.03 and 0.10 eV higher in energy for the large and small space, respectively. The relative energy differences between the 3 Δ 1 and 1 Σ + states obtained in the fully relativistic calculations are similar, although somewhat smaller, as compared to the CCSD(T) calculations combined with eq 9, suggesting the model is a reasonable approach to estimate the effect of spin−orbit splitting in these systems.
Potential For the quartet states, one of the bonding electrons must be moved to a nonbonding or antibonding orbital, such that these states lie considerably higher in energy. In the large angle variants, all with ∠HThH near 170°, this also leads to slightly longer Th + −H bond lengths, ∼2.1 Å. For each of these states, minima are also observed at small ∠HThH angles, Table 5 , corresponding to Th + (H 2 ) association complexes. In general, the geometries of these intermediates are characterized by ∠HThH of ∼20°with r(H−H) of approximately 0.8 Å, similar to r(H−H) = 0.739−0.744 Å calculated for free H 2 . Additionally, r(Th + -H) = 2.30−2.35 Å are observed, which are significantly longer than the bond lengths of the large angle HThH + species (2.0−2.1 Å). In order to further explore the potential energy surface of reaction 5, we performed relaxed potential energy scans along the ∠HThH coordinate using the optimized HThH + structures as a starting geometry. In our theoretical study of the Th + + CH 4 reaction, 30 the DFT methods yielded similar results regardless of the basis set used. Consequently, to avoid excessive computational cost, scans were performed using the B3LYP/Seg. SDD-VQZ-MWB/6-311+G(3p) level of theory. The results of these scans are presented in Figure 5 . Notably, neither zero point energies nor spin−orbit effects are included in this diagram. Additionally, for the cc-pwCVQZ-MDF/augcc-pVQZ calculations, a Table 4 shows that BDEs derived from DFT methods vary little between basis sets used for Th + and H; however, CCSD(T) results may differ by as much as 0.3 eV (excluding CCSD(T)/ANO-VQZ-MDF/6-311+G(3p)) between basis sets. For CCSD(T), basis sets that utilize quasirelativistic MWB (SDD-VDZ-MWB, ANO-VQZ-MWB, and Seg. SDD-VQZ-MWB) are in better agreement with the experimental BDE than those calculated using the fully relativistic MDF ECP (ANO-VQZ-MDF and cc-pwCVXZ-MDF). For DFT, BDEs calculated using the all-electron ccpwCVXZ-DK3 and cc-pVXZ-DK3 basis sets are 0−0.13 eV smaller than their ECP counterparts (except B3LYP/ccpwCVQZ-DK3 which is 0.01 eV larger), cc-pwCVXZ-MDF and cc-pVXZ-MDF, respectively (see also Table S6 ). For CCSD(T) calculations, the all-electron and ECP cc-pwCVXZ-MDF basis sets yield identical results, whereas the cc-pVXZ-DK3 basis sets yield BDEs 0.0−0.03 eV smaller than their ECP counterpart.
Interestingly, the smaller basis sets appear to reproduce the experimental BDE best. This is not likely a cause of the basis set superposition error (BSSE) as calculations indicate that the BSSE is only 0.03 eV (not included in Table 4 ) for the largest basis set combination CCSD(T)/cc-pwCVQZ-MDF/aug-cc- pVQZ. This is also shown by the small difference in the ccpwCVQZ-MDF and CBS values. Similarly, errors resulting from the use of the MDF ECP appear to be minimal as the difference between CBS-cc-pwCVXZ-MDF and CBS-ccpwCVXZ-DK3 results are small, Table 4 .
In a previous study, CCSD(T)/cc-pVQZ-MDF/cc-pVTZ calculations overpredicted the BDE of singly bound ThH + ( 3 Δ 1 ) and ThCH 3 + ( 1 A 1 ) by 0.22 and 0.62 eV, respectively, but performed much better than the smaller basis sets for the triply bound ThCH + ( 1 Σ + ), underpredicting the experimental value by 0.21 eV. 30 Similarly, CBS limit extrapolations using correlation consistent basis sets are also lower than the experimental value by 0.2 eV for several transition metal oxide cation BDEs. 91, 92 For calculations involving several other ThL + species, it was found that high levels of theory, CCSDT(Q) and multireference configuration interaction (MRCI+Q) calculations, were necessary to reproduce experimental relative energies of the ground and excited states. Specific errors relative to the experimental difference between the ground and first excited state (0.08 eV) were 0.06 eV for CCSD(T), 0.03 eV for CCSDT(Q), and 0.01 5 eV for MRCI+Q. 31, 77 This was attributed to accurate recovery of correlation energy. 31 The use of these very high levels of theory are not attempted here and could be the cause for the discrepancies between the experimental and calculated BDEs.
The spin contamination in the Th + ( 2 D) ion indicates significant mixing of spin states, which points to the need for multireference quantum calculations to obtain the relative energies of the states at high accuracy. Although the mixed character is presumably accounted for in the empirical correction factor, the multireference character of the Th + ( 2 D) asymptote could potentially be mitigated by calculating the BDE in reference to a "pure" state and correcting by the empirical excitation energy to the ground state. For the CCSD(T)/cc-pwCVQZ-MDF/aug-cc-pVQZ calculations referenced to the excited Th + ( 2 F) + H ( 2 S) configuration (excitation energy from J = 3 / 2 ground level = 0.83 eV), the BDE is 2.86 eV, in worse agreement with the experimental value than the approach used here. Δ. This simplistic analysis ignores likely second order interactions between low-lying states of ThH + , which the fully relativistic calculations discussed above indicate are small.
Recently there has been an effort to characterize actinide chemical bonds spectroscopically. Although ThH has been studied in an Ar matrix, 100 ThH + has not been studied. ThF + , which has been studied in pulsed-field ionization zero kinetic energy (PFI-ZEKE) photoelectron spectroscopy and laserinduced fluorescence (LIF) experiments, 31 31 Heaven et al. 31 also note a slight antibonding interaction between the Th + 6dπ-orbitals and the F 2pπ-orbitals, an effect that cannot occur for ThH + because the H ligand has no occupied p-orbitals.
Qualitatively, the difference in the character of the π-orbitals in ThH + and ThF + suggests that the 3 Π state of ThH + should be lower in energy than the analogous ThF + 3 Π state. This is confirmed by experimental and theoretical results. Experimentally, the 3 Π 0 level is found 0.42 eV above the 1 Σ + ground state in ThF + (the 3 Π 1 was not observed in the range 0−4000 cm −1 ), 77 whereas theoretical calculations indicate that the 3 Π 0 and 3 Π 1 lie 0.61 and 0.65 eV above the ground state, respectively. 31 In ThH + , theoretical calculations (CCSD(T)/ cc-pwCVQZ-MDF/aug-cc-pVQZ) combined with empirical spin−orbit effects estimated using eq 9 indicate that the Π 0 levels are closer in energy in ThH + than ThF + , it is anticipated that the second order interaction between these levels will be stronger than the interaction between the same levels in ThF + . Likewise, the interaction of the 3 Δ 1 and 3 Π 1 levels in ThH + will also be stronger than the corresponding levels in ThF + . For ThF + , theoretical calculations that explicitly treat spin−orbit interaction place the 3 Π 0 and 3 Π 1 levels only 0.04 eV apart compared to a 0.09 eV difference expected using eq 9, suggesting that the second order interaction of the Ω = 0 levels stabilizes the The trends in these three BDEs can also be understood in terms of the promotion energy from the ground level to a reactive level with the appropriate configuration, E P (An + ). 9 For AnL + with a bond order of 1, the required electron configuration could be 5f n−1 7s, 5f n−2 6d7s, 5f n−2 6d 2 , or 5f n−3 6d 2 7s. As noted above with Th + , the 7s-orbital appears to be insufficient to form a strong covalent bonding interaction, such that promotion to a configuration with at least one 6d electron is needed. Notably, the difference in BDEs between UF + and ThF + is similar to the magnitude of E P (U + ) = 0.04 eV 89 
where E P (An + ) is the promotion energy from the ground level to a reactive level with the appropriate configuration (again ignoring the energy associated with spin decoupling the bonding electron from other unpaired electrons on the metal).
9 Equation 12 allows for the estimate of 4 as well as the PST model of the same system, which indicates a BDE of 2.45 eV. 30 Branching ratios from reactions 7 and 8 indicate that the reaction proceeds via a statistical mechanism. This is thought to occur from coupling of the mixed character surfaces of the Th + ground level to several doublet surfaces, which lead to long-lived ThH 2 + intermediates. In general, theoretical BDEs overestimate the bond strength of ThH + even after including spin−orbit contributions, which always improve the agreement. Furthermore, the use of the larger cc-pwCVQZ-MDF and cc-pVQZ-MDF basis sets (that include i-functions) does not improve theoretical results compared to the smaller SDD-VDZ and Seg. SDD-VQZ. This may indicate that higher levels of theory than CCSD(T) may be necessary to accurately describe these actinide BDEs. However, CCSD(T) and BHLYP results are in reasonable agreement with the experimental value obtained here and also reproduce atomic state orderings reasonably well. Previous calculations for the various products of the Th + + CH 4 system indicate that CCSD(T) calculations provide the best agreement with experimental BDEs, while BHLYP performs well only for singly bound systems. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpcb.5b08008.
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